Krinsley, and others have shown an association between glucose variability and mortality as well as differences in optimal "normal" levels for diabetic versus nondiabetic patients. 7, 8, 12, 13 These results have helped explain the discrepancies in the earlier trials as efforts to hold tight targets using inadequate wide resolution intermittent instruments may contribute to sine wave correction/overcorrection patterns which actually increase variability. The conclusion drawn by many researchers and clinicians is that the solution lies in better tools to enable safe and effective glucose control in the ICU, which would reduce patient risk. 8, 14, 15 
Reduction of Patient Risk
The major impetus for the development programs of continuous glucose monitors over intermittent devices is one that is based on enabling glycemic control and subsequently reducing patient risk. Figure 1 shows the difference between intermittent and continuous monitoring.
It is obvious from Figure 1A that with intermittent testing a clinicians view of the glycemic status of the patient at a point where a new blood sample is to be taken is governed by the glucose value given by the previous sample. For instance at the point where blood sample 8 is to be taken, the only knowledge of the patients glycemic status is given by sample 7, which is at 97 mg/dl. When blood sample 8 is measured it is found to be at 268 mg/dl. This gap in the knowledge of a patient's glycemic status between blood samples can be regarded as a risk to the patient. Figure 1B demonstrates how this gap is eliminated by overlaying the continuous blood glucose trace from a continuous sensor.
This risk can be quantified by integrating the area under the curve (AUC) between the intermittent samples Figure 2 . This measurement would have units of mg.h/dl, and the reduction of this area can be used to estimate the patient risk reduction.
Sensor Introduction Site and Access Device
A prime objective in selecting a site for introducing a sensor into an ICU patient is not to disrupt current clinical practice.
Measurement of capillary blood by the use of a finger stick and a glucometer are now commonly used in the ICU setting although originally designed for the home diabetic market. There is a body of evidence that glucometers are inherently inaccurate, particularly at low glucose values, but also that sampling capillary blood in sick patients can in itself provide misleading glucose values. In patients with peripheral circulatory failure and severe dehydration (eg, diabetic ketoacidosis, hyperosmolar nonketotic coma), shock, and hypotension this may occur. In these situations capillary blood glucose readings can be artificially low due to peripheral shutdown. 16 Similar issues arise when continuous subcutaneous glucose sensors (originally designed for home diabetic use) are used on sick ICU patients. Severely ill patients can experience edema that can affect the subcutaneous glucose values by diluting the glucose. 16 Microcirculation can be shut down in patients in shock as well as by various vasodilating drugs. The decrease in peripheral circulation can lead to less glucose transport to the subcutaneous space around the sensor and glucose concentrations lower than the blood. 17 Glucose measurements on whole blood may be variable due to variable hematocrit levels. The World Health Organization (WHO) recommends that plasma values be converted into laboratory whole blood values by applying a correction factor of 1.12. However, plasma values do not depend on the hematocrit value and are more reflective of active glucose. 18 The American Diabetes Association and the International Federation of Clinical Chemistry and Laboratory Medicine Scientific Division have urged that practice be harmonized by quoting plasma glucose values only, regardless of sampling site and measuring device, so as to avoid any errors and in interpretation. 19 This suggests that the ideal positioning of a sensor to measure glucose in ICU patients is to be indwelling in the vascular system and also to measure plasma glucose concentrations.
Placement of the sensor through either a central venous catheter (CVC) or a radial artery catheter would seem sensible options. CVCs are routinely placed to monitor central venous pressure in 95% of ICUs in Europe and in the majority of ICU patients in the United States, 20 where over 5 million are used annually. 21 The CVC is commonly placed in the right internal jugular vein (RIJV).
The CVC's primary use is to facilitate the measurement of central venous pressure and to infuse fluids and therapeutics into the patient whereas radial artery catheterization, with a 20 g or 22 g catheter, is used as a primary means of continuously measuring arterial blood pressure. The main issues with placing a glucose sensor in the radial artery is that low body temperatures and vasospasm can restrict blood flow to the sensor as can the placement of the catheter and sensor, by obstruction, with collateral flow taking place down the ulnar artery. The placement of the sensor through the radial artery catheter also has the drawback of potential dampening of the arterial pressure waveform, the main reason for its placement.
Based on the above reasons and the goal of developing a use model and form factor that does not disrupt current practice GlySure has developed a sensor that is placed through a single lumen of a 5 lumen CVC, Figure 3 , such that the sensing tip of the sensor is in a large diameter vessel with a high blood velocity (Table 1) . Although the sensor resides in whole blood the diffusion of glucose solution through the sensor outer membrane precludes any formed blood elements diffusing to the glucose detecting chemistry in the optical fiber and hence the sensor measures the glucose concentration in plasma and is independent of hematocrit. Figure 4 shows a cross section of the sensor tip. The sensor comprises of a plastic optical fiber, having at the distal end a cell containing the immobilized glucose indicating chemistry, a strengthening wire, and a thermocouple. The distal end of the optical fiber is covered by a dialysis membrane. All 3 sensor elements are enclosed in an outer sheath (of diameter < 0.6 mm), the distal end of which is terminated in a microporous membrane. The glucose detecting chemistry, a fluorescent diboronic acid receptor, is immobilized within the hydrogel. This hydrogel fills the optical cell within the optical fiber that is surrounded with a dialysis membrane. The microporous membrane is a barrier to blood cells entering the sensor. These pores (~0.1 µm) are impregnated with platinum that catalytically decomposes 
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Location
Diameter (mm) Flow rate (ml/min) RIJV 22 10 123 (upright); 480 (supine) Radial artery 23 2. 2 31 any peroxides in the blood (often found in low concentrations in the blood of patients that have had ischemic events and that oxidize the boronic acids present in the receptor) to oxygen and water. The membrane has a covalently bonded modified heparin coating, which reduces the deposition of platelets, and blood cells, which could impair the diffusion of glucose through the membrane. The inner dialysis membrane and hydrogel act as filters for soluble high molecular weight materials, such as proteins and glycated proteins, thus eliminating these as potential interferents. This configuration was designed to remove potential interfering species that could interact with the glucose detecting chemistry. Interference testing of endogenous and exogenous substances was performed and the only interfering substance identified was mannitol. During production sensors undergo an extensive washing procedure. Aqueous extractable/leachable testing on sensors showed that no detectable materials were leached (detection limit 1.0 µg/ml).
Receptor Chemistry
Receptors for carbohydrates have been designed based on hydrogen bonding interactions 24, 25 and covalent ester formation with boronic acids. [26] [27] [28] Boronic acids can bind saccharides via covalent interactions in basic aqueous media through the formation of cis-1,2-or 1,3-diols which form 5or 6-membered rings, respectively. [26] [27] [28] Photoinduced electron transfer (PET) saccharide sensors based on boronic acids were first synthesized over 15 years ago, [29] [30] [31] which exploit the interactions between o-methylphenylboronic acids (Lewis acids) and proximal tertiary amines (Lewis bases).
It has been shown that the "inherent stability order" for simple/monoboronic acids of D-fructose > D-galactose > D-mannose > D-glucose can be perturbed by the use of diboronic acids. [32] [33] [34] Diboronic acid receptors with a 6 carbon linker between the 2 tertiary amines, Figure 5 , have the a "stability order" of D-glucose > D-fructose > D-galactose >> D-mannose. 33 The GlySure CIGM Sensor glucose detecting chemistry based on the chemistry outlined above and which is immobilized within a hydrogel, is highly selective to glucose and because of the intramolecular quenching mechanism is particularly resistant to quenching by endogenous quenchers. The fluorophore used is not sensitive to pH/pO 2 and is therefore not sensitive to physiological changes.
This study was designed to initially validate the accuracy of the GlySure CIGM System on cardiac surgery patients then to validate the accuracy on the wider MICU patient population. The goal was to compare the systems glucose measurements against an acknowledged and widely used reference instrument and method. We also aimed to demonstrate the benefits of continuous monitoring over intermittent monitoring.
Study Location
A Cardiac trial was conducted at 2 sites in India (Care Hospitals-Nampally and Star Hospital, both in Hyderabad). A second study (MICU) was performed at 6 sites in India, all in Hyderabad. The study protocol had ethical committee approval from all of the sites involved. All participants gave their appropriate informed consent in compliance with the Declaration of Helsinki and the rules of good clinical practice. Informed consent was obtained from each patient before the start of any study-related activity.
Study Population
Between July and October 2013 the GlySure CIGM System was evaluated in 33 patients undergoing cardiac surgery. A further 14 patients undergoing treatment in MICUs were evaluated between May and July 2014. Exclusion criteria included pregnancy, history of pulmonary embolism, history of thrombosis, hypercoagulation, heparin hypersensitivity, history of heparin-induced thrombocytopenia, hypersensitivity/allergy to adhesive IV dressings, or below 18 years old.
Study Design
The aim of the studies was to compare the accuracy of the GlySure CIGM System against a reference standard, either the YSI 2300 STAT Plus (Yellow Springs Instruments, Yellow Springs, OH) or the i-STAT (Abbott Laboratories, Abbott Park, IL) as a reference standard across a range of glucose concentrations.
At all times the patients' safety was ensured by close monitoring of the patients' well-being. The sensor could remain in situ for up to 5 days, comparison data were taken initially at 2-hour intervals, then 4-hour intervals.
Reference Device
The GlySure sensor was inserted through the 9Fr gauge 5 lumen GlySure CVC into the RIJV with a saline flush (2-4 ml/h). Blood samples for comparison points were taken from a peripheral vein or the proximal lumen of the CVC. The GlySure CIGM System recorded a data point every 15 seconds. Comparison blood samples were time indexed on the monitor when drawn. Keep-vein-open saline infusions were used on the sensor and the sampling location. When samples were taken the saline infusion was stopped and the samples were drawn slowly to reduce the chance of sample dilution/ contamination. After each blood draw the sampling site was flushed with saline.
Analysis and Data Collection
GlySure CIGM System measurements and comparison blood sample measurements were recorded in a database along with details of medications administered and any events that occurred during patient monitoring. During monitoring the hospital staff were blinded to the continuous glucose measurement.
Analysis of the data included correlation analysis, MARD (mean absolute relative difference), consensus error grid analysis. The consensus error grid (ISO 15917-2013) is a standard for quantifying the clinical accuracy of blood glucose measurements against a reference. Zone A values are considered to be clinically accurate with no risk. Zone B is considered to generally accurate with a slight risk. Bland-Altman and significance analysis will be performed to determine if there were any significant changes in accuracy with time or glucose concentration. The differences between the continuous and intermittent measurements were integrated to analyze the potential benefits of continuous monitoring.
Results
The patient populations for the Cardiac and MICU trials are shown in Table 2 . The patients enrolled on the Cardiac trial had predominately undergone either coronary artery bypass grafts or valve repairs, whereas on the MICU trial the patients conditions were more diverse. Conditions monitored included pneumonia, sepsis, acute gastroenteritis, chronic kidney disease, chronic liver disease, cerebral vascular accident, meningitis, and acute pancreatitis. Examples of patient data are shown in Figure 6 .
Consensus error grid ( Figure 7A ) analysis of the data shows that the majority of the data (88.2% Cardiac, and 95.0% MICU) fell within zone A, which is considered to be clinically accurate, and all data points fell within zones A and B. The MARD of the Cardiac trial was 9.90% and the MICU trial had a MARD of 7.95%. Figure 8 shows a histogram of the errors from the Cardiac and MICU trials. Details of a t test between the errors from the 2 trials are given in Table 3 . The null hypothesis was that there was no difference between the average error on the Cardiac trial and the MICU trial, α = .05 (ie, 95%).
A null hypothesis cannot be rejected because P > .05, therefore there was no significance difference between the clinical data collected at the 2 sites.
A Bland-Altman chart is shown in Figure 7B . The standard deviation of the data was 20.1 mg/dl and the 95% confidence interval is indicated. These data show that there was no discernible change in bias with changes in the concentration of glucose. Analysis of the MARD verses glucose range and time, Figure 7C and Figure 7D , show no discernible trend. Figure 9 shows histograms of errors versus time and glucose range. Significance testing was performed comparing the errors from day 1 to subsequent days (Table 4 ) and the lowest glucose range against higher ranges ( Table 5 ). In all cases there was no significant difference between the analyzed data. No data was recorded below 120 mg/dl. This is because all patients were biased toward higher glucose levels and away from hypoglycemic ranges and in these critically ill patients any inducement into hypoglycemia has ethical implications.
Intermittent measurements from the 2 trials had an average patient risk value of 639.6 mg.h/dl (Table 6 ). Using our continuous measurements we can estimate the AUC for different sampling frequencies and hence estimate the reduction in patient risk. The GlySure CIGM fiber optic fluorescent sensor samples an electronic signal every 15 seconds, but the sensor has a 90% response time of 5 minutes so if the AUC is calculated at a sampling frequency of 5 minutes a risk value can again be calculated as 84.3 mg.h/dl. From comparing these 2 values a patient risk reduction can be estimated in moving from intermittent measurement at a 2-to 4-hour sampling frequency to continuous glucose monitoring at a frequency of 5 minutes, namely an 87% reduction in patient risk. This method has not been previously/independently validated.
There were 3 patients who consented to the Cardiac CE trial whose data are not included in the analysis. Two patients received a CVC but no sensor, while the other had insufficient comparison blood samples, fewer than 12, due to catheter/sensor being removed based on a clinical decision that they were no longer required . There was no evidence of fibrin deposition on any of the sensors removed from the patients (Figure 10 ).
Discussion
The number of data points within the A+B zones for both cardiac surgery patients and MICU patients indicates that it is safe to use up to a period of 5 days without generating data that would result in erroneous treatment. The average period of monitoring for cardiac surgery patients was 40.8 hours (21.1-50.7 hours) and 56.0 hours (36.4-114.4 hours) for the MICU patients.
In all, 47 patients were monitored during the course of these 2 trials with the GlySure CIGM System, and no adverse or serious adverse events were recorded by the participating sites that were attributable to the use of the GlySure CIGM System. The studies showed that the GlySure CIGM System is capable of accurately measuring intravenous glucose concentrations continuously in patients with a range of clinical conditions. The aggregate MARD was 9.90% for cardiac surgery patients and 7.95% for MICU patients. The accuracy of the system does not appear to change over a 5-day period.
Participating clinicians surveyed agreed that the sensor introduction process is easy to perform and does not interfere with current practices.
The benefits of continuous over intermittent glucose monitoring can be illustrated by integrating the area between the intermittent samples and the continuous data. There are some interesting characteristics about this simple analysis. First, the more frequent the sampling, whether physical or electronic, the greater the reduction to patient risk. Second, the risk reduction in moving from intermittent to continuous measurement is at a maximum for patients that have large glucose excursions and at a minimum for patients with stable blood glucose values. Third, the risk reduction in moving from intermittent to continuous is effectively independent of the accuracy of the intermittent test methodology.
Conclusions
The GlySure CIGM System has met the design challenges of measuring intravascular glucose concentrations in critically ill patients with acceptable safety and performance criteria. The benefits of continuous glucose monitoring in reducing patient risk have been demonstrated. 
